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Abstract. The effect of hydrogenation on the local order in amorphous germanium has been
studied by EXAFS. Measurements have been carried out on sputtered a-Ge:H films with
hydrogen concentrations of 0, 7, 10, and 15 at.%, as a function of temperature in the range
11–300 K. The first-shell EXAFS data were analysed by the ratio method based on cumulant
expansion. The asymmetric distributions reconstructed from cumulants are in very good
agreement with a parametrized distribution obtained by other researchers using calculated phase-
shifts. For the unhydrogenated a-Ge (deposited at 220◦C), increases of the interatomic distance,

0.018± 0.03 Å at 11 K, static disorder,σ 2
stat = (1.9± 0.3) × 10−3 Å

2
, and thermal disorder,

1νE = 0.28 THz, have been found with respect to those for c-Ge. Both the static and the thermal
disorder are smaller than for an evaporated sample (deposited at 160◦C) previously studied.
The insertion of hydrogen in a-Ge produces a sharp reduction of the interatomic distance, static
disorder, and asymmetry of the distribution already at the lowest H concentration (7%); then
these parameters decrease almost linearly when the hydrogen content increases. No appreciable
influence of hydrogenation on the thermal disorder has been detected.

1. Introduction

In recent years, there has been a growing interest in hydrogenated amorphous germanium
(a-Ge:H) films, due to the improvement in the deposition conditions [1]. Hydrogenated
germanium is a natural candidate for device applications requiring a small band gap, such
as bottom-layer solar cells in tandem structures and infrared detectors. Hydrogen plays a
fundamental role in the optoelectronic and structural properties of tetrahedrally bonded
amorphous semiconductors. H atoms remove some of the weak bonds, and passivate
dangling orbitals, both relaxing the structure and improving the electronic properties.
Hydrogen is also thought to be intrinsically connected with metastability effects observed
for a-Si:H [2] and a-Ge:H [3]. However, very little is known about the effects of hydrogen
on the short-range structure.
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Knowledge of the atomic structural arrangement in amorphous semiconductors such as
a-Ge:H is very important to the understanding of their physical properties: the electronic
band structure, and the optical and transport properties are related to the network structure.
The influence of the network structure on the stability of the physical properties of a
homogeneously disordered network of a-Ge:H has been demonstrated experimentally [4]. It
is usually accepted that the local structure of a-Ge:H is predominantly that of a disordered
tetrahedrally coordinated network; it is also known that the incorporation of H in amounts
of the order of 10 at.% influences the network connectivity, and reduces the number of point
defects. However, there is only a relatively poor quantitative knowledge of the short-range
order in terms of bonding length, static and thermal disorder, and asymmetry of the distance
distribution function.

The aim of this paper is to study the role of H as regards the local structure of the
a-Ge network. We begin by analysing the structure of an a-Ge film prepared by sputtering;
then we investigate the influence of H on the local order in three samples of a-Ge:H with
different concentrations of H: 7, 10, and 15 at.%. The structural technique that we use
is that of making measurements of the EXAFS (extended x-ray absorption fine structure).
Such a technique has been much used to investigate a-Ge [5, 6], and a-Ge-based systems.
In particular, it was also applied, in its standard formulation, to some a-Ge:H films by Stern
and co-workers [7]. The standard method is based on the harmonic approximation, which
assumes the distance distribution to be gaussian. Although this approach has provided
original information, and led to the criticism of some conclusions obtained via x-ray
scattering concerning the a-Ge first-shell coordination number [7], it is rather inaccurate
when dealing with asymmetric distributions of distances. The first EXAFS investigation
which assumed a non-gaussian distribution, and determined the centroid, variance, and
third moment of the first-nearest-neighbour distribution in a-Ge:H at room temperature, was
done by Wakagiet al [8].

The present work is a study of the EXAFS at the K edge of Ge as a function of
temperature. We go beyond the harmonic approximation, applying the cumulant method to
the EXAFS data analysis [9, 10]. This method allows us to characterize the local order of the
first coordination shell of Ge atoms in terms of cumulants, i.e., of parameters which describe
the distance distributions, such as the average interatomic distance, the Debye–Waller factor,
and asymmetry parameters. The temperature dependence allows us to determine separately
the thermal and static disorder. A preliminary short account of this work has been presented
in reference [11].

The paper is organized as follows. Section 2 contains some experimental notes
concerning the sample preparation and x-ray absorption measurement. In section 3 we show
the EXAFS signals and give some details of the data analysis. The results are presented in
section 4, together with a discussion. A summary and conclusions are reported in section 5.

2. Experimental details

The amorphous germanium samples were deposited on a 3µm Al foil by rf sputtering a pure
crystalline Ge target in an atmosphere of Ar, which was mixed with a 10% hydrogen partial
pressure in the case of the hydrogenated compounds. To vary the hydrogen content in the
sample, the deposition temperature was changed from 75 to 220◦C. The unhydrogenated a-
Ge sample was deposited at 220◦C. Crystalline silicon wafers were also used as substrates
for transmission spectra measurements in the near infrared and infrared. In order to get
a good EXAFS signal-to-noise ratio, the sample thicknessx was optimized for an edge
jump at the K edge of Ge,1µx = 1.0, whereµ is the absorption coefficient. The sample



Local order in thin films studied by EXAFS spectroscopy 5877

Figure 1. EXAFS signals of (a) c-Ge , (b) a-Ge, and (c) a-Ge:H 15 at.%, and their Fourier
transforms ((d), (e), and (f ), respectively). The measurements were made at 11 K.

thickness and hydrogen content were estimated from the interference pattern of the NIR–IR
transmission spectra and from the integrated absorption of the Ge–H wagging vibration
[12, 13], respectively.

The EXAFS measurements were carried out at the D42 experimental station of the
storage ring DCI at the LURE laboratories in Orsay, in the transmission mode, up to a

transferred momentum ofk = 20 Å
−1

. The beam energy of DCI was 1.85 GeV, and the
maximum stored current≈300 mA; the monochromator was a silicon channel-cut crystal
with reflecting (331) faces. Absorption spectra were recorded by two ionization chambers
filled with air. The sample temperature was changed from 11 to 300 K in seven steps; the
temperature uncertainty was estimated to be less than 2 K. A c-Ge powdered sample was
measured at 11 K as a reference for the data analysis.

3. EXAFS signals and data analysis

The data analysis was performed along the same lines as in a previous paper dedicated to
the EXAFS study of c-Ge and an evaporated a-Ge film [14]. Here we will just recall the
most relevant parameters, and add some remarks.

The values of the photoelectron wavevectork were calculated with respect to an energy
origin E0 set at the maximum of the first derivative of each spectrum. The refinement of
the k-scale of each spectrum was done by carefully aligning the edges to within 0.1 eV. A
mismatch of 0.1 eV in the edge positions of two spectra is reflected in a difference in the
interatomic distance of about 0.001̊A.
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The EXAFS function was determined for each spectrum as

χ(k) = [µ(k)− µ1(k)]/µ0(k)

whereµ(k) was the experimental absorption coefficient,µ1(k) a spline polynomial best
fitting the average behaviour ofµ(k), andµ0(k) a smooth function with a Victoreen-like
slope (equal for all spectra), and absolute values normalized to the experimental absorption
jump. In figures 1(a), 1(b), and 1(c) the EXAFS signalskχ(k) for c-Ge, a-Ge, and a-Ge:H
(15 at.%) at 11 K are shown respectively. The spectra of the amorphous samples are less
structured than the c-Ge one, suggesting that only the first interatomic shell contributes to
the EXAFS signal.

The k3χ(k) functions were Fourier transformed in the rangek = 2.7–16 Å−1 using
a 10% Hanning window. In figures 1(d), 1(e), and 1(f ) the amplitudes of the Fourier
transforms (FT) for c-Ge, a-Ge, and a-Ge:H (15 at.%) at 11 K are reported; they confirm that
only the first coordination shells of the amorphous films contribute to the EXAFS, unlike the
case for the crystalline compound, where contributions of the first three shells are evident.
The absence of contributions from the second and outer shells in the a-Ge EXAFS, even at
the lowest temperatures, has been attributed to the relatively high degree of static disorder
and the lack of low-k information [15]; the additional effect of destructive interference
between the second-shell and multiple-scattering signals has recently been pointed out [16].
The amplitudes of the first-shell peaks of the FT of the amorphous films are smaller than
that of the corresponding peak of c-Ge because of the static disorder.

The first-shell contribution to the EXAFS was isolated by Fourier back-transformation
of the corresponding peak. The phases8s(k) and amplitudesAs(k) of the first-shell EXAFS
signals at different temperatures were separately analysed by the cumulant expansion method
truncated at the fourth-order term:

8s(k)−8r(k) = 2k 1C1− 4

3
k3C3

ln
As(k)

Ar(k)
= ln

Ns

Nr
− 2k21C2+ 2

3
k4C4

where the indexr labels the reference spectrum of c-Ge measured at 11 K, for which the
harmonic approximation was assumed valid, and the indexs labels the unknown system.
The analysis of the amplitudes is based on three free parameters: the coordination number,
and the second and fourth cumulants; while the analysis of the phases is based on two
parameters: the first and third cumulants. The temperature dependence of the polynomial
coefficientsCi is largely independent of the interval ofk used for the fitting, and is consistent
with the expected first-order behaviour of the cumulants (Einstein-like, parabolic, and cubic
for 1C2, C3, andC4, respectively). This suggests that the convergence of the cumulant
series is fast enough to guarantee that the first four cumulants are sufficient to describe the
EXAFS signal within 16Å−1 up to 300 K; the polynomial coefficients can then be identified
as the cumulants of the effective distribution of the first-shell distances. Besides this, the
assumption of harmonic behaviour for the 11 K reference is reasonable, and the analysis
gives absolute values of the third and fourth cumulants directly.

4. Results and discussion

EXAFS analysis gives the cumulantsCi of the effective distribution of interatomic distances
P(r, λ) = ρ(r)exp(−2r/λ)/r2 (λ being the photoelectron mean free path). The cumulants
C∗i of the real distributionρ(r) are in principle different [17]. For the second- and higher-
order cumulants the difference is generally negligible, in particular when only relative
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comparisons are made between systems with a comparable degree of disorder, as in the
present case. For the first cumulant, however, the difference cannot be neglected, and to a
first approximation [9, 17]

C∗1 = C1+ 2C2

C1

(
1+ C1

λ

)
. (1)

Figure 2. Cumulants of the effective first-shell distribution of the unhydrogenated a-Ge film
produced by rf sputtering (diamonds). The reference for the data analysis was c-Ge at 11 K. The
cumulants of c-Ge from a previous study (reference [14]) are reported for comparison (squares).

4.1. Unhydrogenated a-Ge

The temperature dependence of the cumulants of the unhydrogenated a-Ge film prepared by
sputtering are shown in figure 2 (diamonds). The quality of the experimental data is better
than for previous measurements on a-Ge film produced by evaporation [14]; consequently
the values of the cumulants are less scattered, and more accurate conclusions will be drawn.
The regular behaviour of the cumulants as a function of temperature confirms the fast
convergence of the cumulant series.

In the following we will analyse the results in some detail. A detailed comparison
will be made with two recent studies, one by Wakagi and Maeda [18], and the other by
Filipponi and DiCicco [19]. Wakagi and Maeda have studied a sputtered a-Ge film from
room temperature (r.t.) up to the crystallization temperature, analysing the EXAFS by the
same procedure as was utilized in the present work, but taking r.t. c-Ge as the reference.
Filipponi and DiCicco, whose main aim was to study liquid germanium, have analysed the
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300 K EXAFS of an evaporated a-Ge film using phase-shifts calculated using the GNXAS
package [20], and modelling the distance distribution by a0-like distribution.

4.1.1. Even cumulants.Let us firstly consider the second cumulantC2, corresponding to
the mean square relative displacement (MSRD) of the absorber and backscatterer atoms.
The values plotted in figure 2(b) are relative to the MSRD of c-Ge at 11 K.

The difference between the a-Ge and c-Ge MSRD at low temperature gives the
static contribution to the width of the first-shell distribution in a-Ge. It amounts to
1σ 2

stat = (1.9 ± 0.3) × 10−3 Å
2

in the present case of a film produced by sputtering.
This value is slightly lower than the one found by Dalbaet al [14] for an evaporated film
(2.25× 10−3 Å2). A difference of 2× 10−3 Å2 between the MSRD of a-Ge and c-Ge was
found at room temperature by Wakagi and Maeda [18] for a sputtered film.

The temperature dependence of the MSRD measures the contribution due to thermal
disorder. The data of figure 2(b) clearly exhibit an Einstein-like behaviour, in agreement
with the results previously obtained for the evaporated a-Ge film [14]. An evaluation of the
effective bond-stretching force constant can be made by considering the Einstein frequency
best fitting the slope of the MSRD data. The higher the frequency, the stronger the force
constant. In the present case, the Einstein frequency isν = 7.22 THz, intermediate between
the frequency of c-Ge (7.5 THz) and that of evaporated a-Ge (6.9 THz) [14].

The relative comparison between the results obtained by our group using the same data
reduction technique on different samples shows that both static and thermal disorder are
higher in amorphous samples than in c-Ge, and also suggests that both are higher in a-Ge
produced by evaporation with a substrate temperature of 160◦C than in a-Ge produced by
sputtering with a substrate temperature of 220◦C.

Absolute values of the MSRD of a-Ge can be obtained by adding to the relative values
of figure 2(b) the absolute value for c-Ge at 11 K. The absolute value for c-Ge can in turn be
estimated by fitting an Einstein or Debye correlated model to the temperature dependence

of the experimental data for c-Ge from reference [14]. A slight difference of 4×10−4 Å
2

is
found between the Einstein and Debye models for the first shell of c-Ge [21], the Einstein
model giving the higher values. Correspondingly, absolute MSRD values ofσ 2 = 5.3×10−3

or 5.6× 10−3 Å
2

are found for sputtered a-Ge at 300 K. A value of 5.4× 10−3 Å
2

was
determined at the same temperature by Filipponi and DiCicco [19] for an evaporated sample.

The fourth cumulantC4 measures symmetric deviations of the distance distribution
from a gaussian shape. Its values are negligibly small (figure 2(d)); a weak increase with
temperature is evident nonetheless.

4.1.2. Odd cumulants.Figure 2(a) shows the differences between average values of the
effective distributions of distances of a-Ge at various temperatures, and the average value
of the effective distribution of the reference c-Ge at 11 K:

1C1 = C1(a-Ge, T )− C1(c-Ge, 11 K).

Two features are evident: the difference1C1 = 0.015± 0.03 Å is positive at 11 K, and it
grows with temperature up to1C1 = 0.019± 0.03 Å at 300 K.

The first cumulants of the effective and real distributions,C1 andC∗1, respectively, are
connected through equation (1), which contains the MSRDC2. The MSRDs are larger in
a-Ge than in c-Ge because of static disorder; as a consequence, the relative values1C∗1
referring to the real distributions are larger than the1C1 values measured directly. The
1C∗1 values calculated through equation (1) range from 0.018Å for a-Ge at 11 K to 0.025̊A
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for a-Ge at 300 K. Our 11 K value is in good agreement with the corresponding value found
by Wakagi and Maeda, comparing a-Ge with c-Ge at r.t. [18].

The average value of the real distribution is larger than the true interatomic distance,
owing to the atomic displacements normal to the bond direction [22, 23, 17, 18]. If we
assume that the atomic displacements normal to the bond direction are of purely thermal
origin in a-Ge like in c-Ge, in view of the similarity between the effects of thermal disorder
in a-Ge and in c-Ge measured by means of the Einstein frequency, we can also assume a
similar increase of interatomic distances, so the difference1C∗1 = 0.018 Å determined at
11 K should be considered the real one.

A difference in interatomic distances between a-Ge and c-Ge similar to that determined
in the present work has been found by most of the structural studies on a-Ge, independently
of the preparation technique, structural analysis method, and data reduction procedure. In
fact, there is a good agreement between the present result and the results obtained by x-ray
diffraction for evaporated a-Ge films by Temkinet al [24], and those obtained by neutron
diffraction by Etheringtonet al [25] and by Wrightet al [26]. The present results are also
consistent with previous EXAFS data analysed by the cumulant method for evaporated films
[14] and sputtered film [18], or analysed by fitting an asymmetric model distribution [19].

Table 1. The first four cumulants of the first-shell distance distributions in a-Ge and a-Ge:H
of the present work are compared with other results available in the literature. All of the data
are for room temperature. They have been obtained with reference to c-Ge at 11 K (present
data), or at 80 K (references [7, 14]), or at r.t. (reference [8]).1R corresponds to1C∗1 of the
present work. The data uncertainties relating to the present work arise from the systematic errors
introduced by analysis procedures; they have been determined after using several plausible data
reduction processes.

1R 1σ 2 C3 C4

Sample (̊A) (10−3 Å
2
) (10−4 Å

3
) (10−6 Å

4
) Reference

a-Ge
Sputtered 0.019± 0.003 3.71± 0.30 1.12± 0.50 2.7± 0.13 Present work
Sputtered 0.0160± 0.004 2.2± 0.3 2.77± 1.3 [8]
Sputtered 0.003(2) 1.63(10) [7]
Evaporated 0.018± 0.005 4.47± 0.40 1.07± 0.42 3.52± 0.15 [14]

a-Ge:H
7 at.% 0.018± 0.003 3.64± 0.30 1.06± 0.42 4.6±0.2 Present work
6 at.% 0.006(2) 1.10(10) [7]
12.5 at.% 0.0110± 0.004 1.65± 0.3 2.08± 1.3 [8]

So, all of the recent EXAFS measurements agree with x-ray and neutron diffraction
results in indicating that the first-shell distance in a-Ge is at least 0.015 Å larger than
that in c-Ge. Only the first pioneering EXAFS analyses, based on the standard EXAFS
formula, gave the same interatomic distance for a-Ge as for c-Ge [7, 27] (table 1). It is
well established that the use of the standard EXAFS formula for asymmetric distributions
gives rise to artificial reduction of interatomic distances [22].

The asymmetry of the distance distribution is measured by the third cumulantC3, which
is shown in figure 2(c) as a function of temperature.C3 is different from zero even at very
low temperature, indicating the presence of asymmetry due to static disorder. The growth
of C3 with temperature can be ascribed to asymmetry generated by anharmonicity of the
thermal disorder.
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Figure 3. Upper panel: the real part of the characteristic function reconstructed from EXAFS
cumulants for sputtered a-Ge measured at 300 K. Lower panel: the real part of the Fourier
transform of the complex characteristic function (continuous line), compared with the distribution
calculated for evaporated a-Ge by Filipponi and DiCicco [19] (dots).

4.1.3. The distribution of distances.If the cumulant series converges quickly, and EXAFS
analysis yields all of the leading cumulants, it is possible to extrapolate the signal tok = 0,
and to reconstruct the distribution of distances. This procedure was attempted for a-Ge.
The characteristic function was calculated from the experimental cumulants in thek-range
extending from−25 to+25 Å−1 (figure 3, upper panel). The maximum value of|k| was
larger than the valuekmax for the experimental data. This choice was made on the assumption
that cumulants of order higher than the fourth are negligible up to 25Å−1, so the EXAFS
signal can be extrapolated not only down tok = 0 Å−1 but also up tok = 25 Å−1. In
fact, the characteristic function was regularly damped at the boundaries, and no windowing
was necessary before Fourier transforming within thek-range from−25 to+25 Å−1. The
real part of the Fourier transform of the characteristic function is the effective distribution
of distancesP(r, λ) (the imaginary part should be zero). The real distribution of distances
ρ(r) was calculated from the effective one by assuming a realistic value,λ = 7 Å, for the
photoelectron mean free path.

In figure 3, lower panel, the continuous line represents the real distribution of distances
for one pair of nearest-neighbour atoms in sputtered a-Ge, calculated from the experimental
cumulants at 300 K.

In a recent paper, Filipponi and DiCicco analysed the EXAFS of an evaporated a-Ge
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sample measured at 300 K [19]. They used phase-shifts calculated by the GNXAS package,
and modelled the distribution of distances by a0-like distribution with three free parameters:
position R, varianceσ 2, and skewnessβ = C3/σ

3. The distribution of Filipponi and
DiCicco, for one pair of atoms, is shown by open circles in figure 3. Only a relative shift of
position of about 0.008̊A, without any normalization, was necessary to get a superposition
of the two distributions. The shapes are very similar. The skewness coefficientsβ are 0.21
and 0.266 for the Filipponi and DiCicco distribution and ours, respectively.

It has been demonstrated that spherical wave corrections can be important in the case of
asymmetric distributions [28, 29]. The analysis based on phase differences and amplitude
ratios used in the present work relies on the transferability of phase-shifts and backscattering
amplitudes; this could not be guaranteed when distributions of different widths and shapes
are compared. The two distributions in figure 3 have been obtained by completely different
methods of analysis; in particular, the GNXAS package of Filipponi and DiCicco takes into
account spherical wave effects. The agreement of the two distributions shows that, at least
for the degrees of disorder and asymmetry present in a-Ge at 300 K, the two methods are
equivalent, and the effect of neglecting spherical wave corrections is negligible.

4.2. Hydrogenated a-Ge

The temperature dependence of the cumulants of hydrogenated a-Ge samples shows rough
features very similar to those for unhydrogenated a-Ge in comparison with c-Ge: the
interatomic distance, and the static and thermal contributions to the second and third
cumulants are comparable for all of the amorphous samples.

Figure 4. The first four cumulants of the first-shell distance distribution of the a-Ge:H sputtered
film with 15 at.% hydrogen content (open triangles). The same data for the unhydrogenated
a-Ge sputtered film (diamonds) are also shown for comparison.

However, a closer inspection reveals slight but not negligible differences between the
hydrogenated samples on the one hand and the unhydrogenated one on the other, and
also some modifications as a function of the hydrogen percentage. In figure 4 the first four
cumulants of the sputtered a-Ge:H film with a 15 atomic per cent of hydrogen concentration
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are presented (open triangles) and compared with the cumulants of the unhydrogenated a-
Ge film (diamonds). The presence of hydrogen induces a slight average reduction of the
interatomic distance and of the values of the second and third cumulants. A very similar
behaviour is presented by the 7 and 10 at.% a-Ge:H samples.

Figure 5. (a) Real distributionsρ(r) of interatomic distances atT = 11 K reconstructed
from the experimental EXAFS cumulants of a-Ge (continuous line) and a-Ge:H (dashed lines);
(b) differences between the real distribution of the unhydrogenated a-Ge and those of the
hydrogenated samples.

Qualitative information on the modifications induced by hydrogenation can be obtained
by considering the distributions of distances reconstructed from the cumulants. The real
distributions obtained by this procedure for the three hydrogenated and the unhydrogenated
films at T = 11 K are reported in figure 5(a). The distributions become narrower and less
asymmetric when the H content increases. This effect is however very weak, and can be
more easily appreciated in figure 5(b), which reports the differences between the distribution
of the unhydrogenated a-Ge and the distributions of the hydrogenated samples. The first
four cumulants of the first-shell distance distribution in a-Ge and a-Ge:H (7 at.%) are shown
in table 1, together with other results, at r.t., available in the literature. The hydrogenation
process slightly influences the first-shell distance: for the a-Ge:H (7 at.%) it is 0.001Å
lower than for the a-Ge and 0.018̊A larger than for c-Ge (table 1). These results do not
agree with the ones obtained by Stern and co-workers [7] who found that, for a 6 at.%
hydrogenation,1R was 0.002Å larger than the value for c-Ge and 0.008Å larger than the
value for a-Ge.

From EXAFS measurements we have also determined the coordination number,N , of
the next-nearest neighbours of Ge atoms: we have found that, for all of the amorphous
films, it is near to the value of 4(N = 3.95±0.12), independently of the H content, within
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an error of about 3%, according to a very conservative estimate. Such a figure is not due to
insufficient counting statistics, or measurement errors, but mainly arises from the systematic
errors related to the analysis procedure. Within such experimental error, this value agrees
with the results of the previous EXAFS measurements, which lie between 3.79 [8] and
4 [7]. So, the present EXAFS measurements confirm previous EXAFS results [7, 14],
which indicate that the nearest-neighbour coordination number is not significantly less than
the value of 4 expected for tetrahedral bonding. However, these data do not agree with
those obtained by means of neutron diffraction (N = 3.68 [26]), and the most recent ones
obtained by means of reverse Monte Carlo (RMC) simulation(N = 3.28–3.49 [30]). This
discrepancy, already discussed by Stern and co-workers [7], may be due to the fact that the
EXAFS technique gives an absolute determination of the coordination number, in contrast
with the diffuse scattering technique or RMC modelling, which require some assumptions
about the amorphous film density.

Figure 6. Difference between the first three cumulants of the hydrogenated samples and the
corresponding cumulants of the unhydrogenated sample as functions of the hydrogen content.
The values plotted have been obtained by averaging the differences over the temperature range
explored. Error bars indicated the standard deviations of the mean distributions. The dashed
lines represent linear fits of the a-Ge:H data.

Although the presence of hydrogen modifies the values of the cumulants, it does not
affect their temperature dependence. In fact, very similar Einstein frequencies are obtained
for all of the sputtered amorphous samples when fitting the temperature dependence of
the second cumulant (table 2). We took advantage of this independence of temperature
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Table 2. Einstein frequencies best fitting the temperature dependence of the MSRD of c-Ge and
a-Ge samples. Amorphous samples produced by evaporation and by sputtering (hydrogenated
and not) are considered.

Einstein frequency
Sample (THz) Reference

c-Ge 7.50± 0.2 [14]
a-Ge (evaporated) 6.90± 0.2 [14]
a-Ge (sputtered) 7.22± 0.2 Present
a-Ge:H 7 at.% 7.16± 0.2 Present
a-Ge:H 10 at.% 7.25± 0.2 Present
a-Ge:H 15 at.% 7.12± 0.2 Present

by performing an accurate study of the dependence of the cumulants on the hydrogen
content. To this effect, we calculated for every cumulant and for every hydrogen
content the differenceCi(a-Ge:H) − Ci(a-Ge) averaged over all temperatures. The results
for the first three cumulants are shown in figure 6; they represent an estimate of the
effects of hydrogenation on the static disorder. The difference between hydrogenated and
unhydrogenated samples is sharp: the hydrogenation process produces an average reduction

of about 0.001Å (figure 4) of the interatomic distance and of 2× 10−4 Å
2

of the MSRD
(figure 4). The dependences of the interatomic distance and the MSRD on the hydrogen
content are however very weak; bothC1 andC2, after a sudden decrease caused by low
H concentrations (7%), appear to decrease linearly with the hydrogen percentage. The
reduction is directly proportional to the hydrogen percentage only for the third cumulant.

It is well known that a-Ge is a stressed material. The increase of the interatomic
distance in unhydrogenated a-Ge with respect to that in c-Ge is a consequence of such
stresses. The presence of hydrogen partially reduces the stresses of the network structure,
allowing a reduction of the interatomic distances, static disorder, and asymmetry of the
first-shell distance distribution.

5. Conclusions

The distribution of the first-nearest neighbours of Ge in unhydrogenated and hydrogenated
a-Ge films with different H contents have been investigated by means of temperature-
dependent EXAFS measurements. A cumulant analysis has been done by the phase
difference and amplitude ratio method, taking c-Ge at 11 K as the reference.

For the unhydrogenated a-Ge film, the distribution of interatomic distances reconstructed
from cumulants at 300 K is in good agreement with the distribution calculated by Filipponi
and DiCicco through a completely different approach, based on calculated phase-shifts and
amplitudes, and taking into account spherical wave corrections. The first-shell interatomic
distance of the a-Ge film, prepared by sputtering, is larger than that in the crystalline
Ge (1R = 0.019 Å), as was also found for evaporated a-Ge films [14]. The nearest-
neighbour coordination number of a-Ge is not significantly less than the value expected for
tetrahedral bonding, in contrast with the results of some diffraction techniques and modelling
calculations, which foundN 6 3.7 Å.

As for the effects of hydrogenation, the high quality of the experimental data has
allowed us to detect not only the differences between the unhydrogenated sample and the
hydrogenated ones, but also the slight differences between the cases of different amounts
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of hydrogen. The effect of hydrogen addition to a-Ge causes the reduction of the first-
shell distance, MSRD factors, and asymmetry. This general result agrees, to some extent,
with the findings of previous EXAFS measurements, at room temperature, reported in the
literature for similar systems; the differences, mainly concerning the absolute values of some
structural parameters, can be attributed to different sample preparation conditions and/or to
some inadequacies in the data analysis procedures.

The novelty of the present work lies in the determination of the first four cumulants
and the reconstruction of the first-shell distance distributions as functions of temperature
in the range 11–300 K. From the temperature behaviour of the Debye–Waller factors, the
thermal and static disorder have been determined. No appreciable influence of the presence
of H on the thermal disorder has been detected. The reduction of the static disorder that
we have measured confirms that the hydrogenation process, favouring the passivation of the
dangling orbitals, induces the relaxation of the amorphous network, and reduces the static
disorder.
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